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ABSTRACT 

Simple axisymmetric modeling of a nuclear containment building has been often employed in practice to 
estimate structural behavior for the axisymmetric loadings such as an internal pressure. In this case, the 
prestressing tendons placed in the containment dome should be axisymmetrically approximated, since most 
dome tendons are not arranged in an axisymmetric manner. Some procedures are proposed that can realistically 
implement the actual 3-dimensional tendon stiffness and prestressing effect into the axisymmetric model. 
Prestressing tendons, which are arranged in 2 or 3-ways depending on a containment type, are converted into the 
equivalent layer in order to consider the stiffness contribution in meridional and hoop directions. In order to 
reflect the prestressing effect, an equivalent load method and an initial stress method are devised, respectively, 
and the corresponding loads or stresses are derived in terms of the axisymmetric model. The proposed schemes 
are verified through some numerical examples comparing the results of axisymmetric models to those of the 
actual 3-dimensional model. The examples show that the proper level of the prestressing in the hoop direction of 
the axisymmetric dome plays an important role in tracing the actual behavior of the prestressing.  
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1. INTRODUCTION 

Axisymmetric analysis of a structure provides a great convenience and efficiency compared to full 3D 
(3-dimensional) analysis. In order to perform such an analysis, however, the structure should have the 
axisymmetric shape. From a narrow point of view, a nuclear containment building may not be regarded as 
axisymmetric mainly due to the buttresses and openings. Moreover, the reinforcing bars or prestressing tendons 
embedded in a dome or a bottom slab are usually arranged in a non-axisymmetric manner to achieve a 
constructional efficiency. Nevertheless, the axisymmetric analysis of the nuclear containment building has been 
frequently adopted in practice, since it has been generally recognized that the strict 3D analysis produces the 
results very close to the axisymmetric behavior in most parts for the axisymmetrically applied design loadings, 
for example internal pressure. In order to reasonably consider the non-axisymmetric rebars or tendons in a 
context of the axisymmetric model, some conversion procedures may be required.  

The purpose of this study is, therefore, to propose a consistent conversion procedure for the prestressing  
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tendons in the containment dome when idealizing as an axisymmetric model and to address some discrepancies 
in the previous studies or design documents (KEPCO, 1994; Chung et al., 1996; Moon et al., 1999). Two 
representative types of containments that have been operated in South Korea are taken into consideration in this 
study: CANDU (Canada Deuterium Uranium) type and PWR (Pressurized Water Reactor) type. Among various 
kinds of PWR type containments, KSNP (Korean Standard Power Plant) type, which is currently the most 
widely used in Korea nowadays is a main concern. Therefore, strictly speaking, the term “PWR type” means 
“KSNP type” hereafter. The dome has a relatively flat shape in the CANDU type, while it has a hemispherical 
shape in PWR type. Whereas the 3-way arrangement of the dome tendons in a plane view is typical of the 
CANDU type, the 2-way arrangement is employed in the PWR type. Also, the spacing of the tendons is 
established on a different basis in each type of the containment. 

Two important points in this scheme are how to realistically introduce the stiffness and the prestressing effect 
of the actual tendons into the axisymmetric model. As for the tendon stiffness in the axisymmetric model, the 
tendons were idealized as meridional trusses with a constant area (KEPCO, 1994), or as the meridional trusses 
with varying areas (Chung et al., 1996), or alternatively, as embedded reinforcements in hoop as well as in 
meridional directions with varying areas (Moon et al., 1999). The prestressing effect was introduced by the 
equivalent load method (KEPCO, 1994; Chung et al., 1996) or by the initial stress method (Moon et al., 1999). 
In the previous studies described above, however, a comparison was not presented in detail between the results 
of the proposed axisymmetric model and those of the 3D model based on the actual tendon geometry. As a result, 
the validity of the proposed tendon model could not be clearly addressed.    

In the axisymmetric model of this study, to deal with the average stiffness of dome tendons in a global sense, 
the tendons are approximated by a layer of equivalent membrane with a proper thickness utilizing some 
mathematical expressions related to the tendon geometry. Also, in order to obtain the prestressing effect 
equivalent to the 3D model, anchorage forces of the actual dome tendons are utilized considering the direction of 
prestressing. Both the equivalent load method and the initial stress method are taken into account to compare the 
efficiency of each approach.  

The proposed schemes can be directly implemented into the finite element (FE) analysis which has been most 
widely adopted in the field of the design and analysis of nuclear containments. Numerical examples of FE 
analyses are presented to verify the procedure and to estimate the amount of approximation by comparing it with 
the accurate 3D analysis results.  
 
2. MODELING OF TENDON STIFFNESS 
 
2.1 General remarks 

Figure 1 shows the tendon arrangement in a dome of the CANDU and the PWR type, respectively. Dome 
tendons in the CANDU type, which are arranged in 3-ways, are anchored at the side of a ring beam. While on 
the other, vertical tendons of a wall are extended into a dome and the dome tendons are arranged in 2-ways in the 
PWR type. Hoop tendons installed to a certain height of the PWR type dome do not fall within the scope of this 
study, since they form axisymmetry themselves.        

Prestressing tendons contribute to the stiffness only along the tendon axes. Therefore, each dome tendon in 
Fig. 1 has the stiffness portion in the hoop as well as in the meridional directions. The ratio of stiffness 
contribution varies from point to point (see Appendix). Hence, it is apparent that some of the conventional 
axisymmetric schemes (KEPCO, 1994; Chung et al., 1996), where the dome tendons are modeled as a series of 
trusses arranged in meridional direction, may possibly underestimate the actual stiffness of the tendons. 
Although the accurate stiffness contribution can be theoretically derived in a rather straightforward way as 
shown in the Appendix, it would involve very cumbersome tasks to trace all the point-wise tendon stiffness. 
Furthermore, no matter how exactly we evaluate the tendon stiffness, it is inevitable to employ an averaging 
process of the stiffness especially in the hoop direction, when the problem comes to the axisymmetric FE mesh. 

As can be identified in Fig.1, the dome tendons are almost uniformly distributed with very dense spacing in 
each way upon a large portion of the dome. Taking notice of this point and also in pursuit of a practical purpose, 
it is assumed in this study that the stiffness contribution to the meridional and the hoop directions can be well 
represented by a layer approach. The thickness of the equivalent tendon layer is so determined that the total 
volume of the layer is equal to the total volume of the actual tendons.  

 
2.2 CANDU type 
Figure 2 shows 1-way tendons among all the 3-way tendons arranged in the CANDU type dome. In each way the 
tendons are located close to a mid-thickness of the dome, although certain differences between the heights exist 
between each way of the tendons for constructional convenience. In this derivation, all the tendons are 
assumed to be located in the mid-thickness, but it causes a negligible effect on the analysis results. Further, it is 
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(a) CANDU type                              (b) PWR type 

 
Fig. 1. Arrangement of dome tendons 

 
 

           
Fig. 2. Dome tendons (CANDU type)      Fig. 3. Dome tendons (PWR type) 

 
assumed that the tendons are a series of equally spaced straight lines in a plane, which makes little difference 
from an actual situation for the flat dome of the CANDU type.  

When the total n tendons are arranged in 1-way, Eqs. (1)-(4) can be established for the m-th tendon, since a 
spacing between two tendons is 2R/(n+1). Figure 2 takes an assumption that a total number of the tendons in 
1-way is an odd number. In an instance where the even number of 1-way tendons is used, it is more consistent 
and convenient to assume that two tendons are arranged twofold at m=0 and the upper tendons are arranged from 
m=1 to m=(n-2)/2, as we can utilize the same equations presented here. Also, it has a negligible effect on the 
final results.           
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m mmm R θ′ ′=                                       (4) 
 

Therefore, the total volume of the 1-way tendons can be obtained by Eq. (5), where Aps is the area of one 
tendon. Here, subscript 0 corresponds to a case of m=0. Surface area of the dome can be formulated by Eq. (6). 
Finally, the equivalent thickness of the tendon layer can be found in Eq. (7), when the actual tendons arranged in 
3-ways are evenly distributed over a layer with the same volume.    
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2.3 PWR type 

Figure 3 shows 1-way tendons among all the 2-way tendons arranged in the PWR type dome. Each way 
tendons are located almost at a mid-thickness of the dome. A major difference in the derivation between the 
CANDU and PWR types arises due to the spacing of the tendons. As mentioned earlier concerning the 
characteristics of the PWR type, vertical tendons which are equally spaced along a circumference of the wall are 
directly extended to the dome. This results in unequal spacing of the dome tendons. That is, the spacing of two 
tendons becomes closer going away from the tendons passing through near a dome apex. The concept of the 
derivation is largely similar to that of the CANDU type, the only difference being a consideration of varying 
spaces of the tendons.    

In Fig. 3, the total n tendons are arranged in 1-way and the vertical wall tendons are equally spaced with a 
subtended angle of β . Eqs. (8) and (9) can be established for the m-th tendon, from which a total volume of the 
1-way tendons is derived in Eq. (10). The remaining procedure is to find an equivalent thickness of the tendon 
layer by dividing the total volume of the 2-way tendons by the surface area of the dome.  
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3. MODELING OF PRESTRESSING EFFECT 
 
3.1 General remarks 
  Figure 4 shows the tendon-induced equivalent loads, i.e. the loads applied to the surrounding concrete by a 
prestressed tendon with a prestressing force P. At the anchorage points, equivalent concentrated loads that have a 
magnitude of P are applied in the direction of the tendon axis. Along the curvature of the tendon, an equivalent 
distributed load u is then generated in the principal normal direction of` the tendon axis, the magnitude of which 
can be determined from a free body diagram of the infinitesimal tendon segment (Oh and Jeon, 2002).     

The actual effects of prestressing can be clearly depicted by summing up all of the equivalent loads produced 
by all of the dome tendons. Choo (1975) represented these effects as pressures, and divided the pressures into 
normal pressure, hoop pressure and meridional pressure. Among those, it was also shown that the surface-normal 
pressure is the most dominant factor and is distributed with a rather constant magnitude along a circumference. It 
indicates that the overall behavior of the dome, as affected by prestressing tendons, can be well represented by 
the axisymmetric modeling combined with the normal pressure. Although Choo (1975) did not discuss in detail 
the reason why such a result is produced, it can be mainly attributed to the averaging effect of prestressing 
exerted by the tendons, which are distributed over the dome in a relatively uniform manner.   

Taking notice at this point, in this study, two approaches are adopted to effectively realize the prestressing 
effects in the axisymmetric model. One is the equivalent load method, where an appropriate magnitude of the 
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Fig. 4. Tendon-induced equivalent loads 
 

normal pressure is determined by considering axisymmetric components of the anchorage forces. The other is 
the initial stress method, where a magnitude of the stress is so determined as to be in equilibrium with the 
equivalent loading system established previously. The similarity of these two methods was briefly discussed by 
Roca and Mari (1993).     
 
3.2 Equivalent load method 
 
3.2.1 CANDU type 

Among the anchorage forces, i.e. the equivalent concentrated loads that are applied along the dome spring line, 
only the forces in an axisymmetric plane can be employed in an axisymmetric model. This indicates that the 
vertical components (Pmv) and the horizontal radial components (Pmhr) of the anchorage forces can only be taken 
into account in Fig. 2. Effects of the horizontal hoop components (Pmhh) are almost cancelled out if we consider a 
configuration of the tendons. Paying attention to these aspects, anchorage force of the axisymmetric model is 
derived first, and then derivation of the equivalent distributed load follows.  

When the m-th tendon is prestressed with a force P in Fig. 2, the anchorage force can be separated into Pmh 
and Pmv, and the magnitude of each component can be obtained using mθ  of Eq. (2). Also, Pmh can further be 
divided into Pmhr and Pmhh as shown in Eq. (13) using mα  derived in Eq. (12).  
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Therefore, the resultant anchorage force Paxi that should be applied in the axisymmetric model can be found by 

combining a sum of the Pmhr with that of the Pmv which are calculated in Eq. (14). Here again, subscript 0 
corresponds to a case of m=0. When being implemented to a FE-based structural analysis program, the 
magnitude of Paxi is used as derived above if a circumferential integral is performed along the circumference 
( 2π  radian), or instead, Paxi divided by 2π  should be used if the integral is based on 1 radian. In a previous 
study (Chung et al., 1996), the vertical contribution of each anchorage force was neglected, which could possibly 
increase the errors.   
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Derivation of the equivalent distributed load is as follows. It can be assumed to a sufficient accuracy that the 

overall prestressing effect induces a similar compression state on the dome in all directions. The uniform 
arrangement of the dome tendons, with respect to the direction and the spacing, can well guarantee this 
assumption. Before proceeding, the anchorage line load per unit length of the circumference, paxi, can be 
obtained by dividing Paxi by the circumferential length. Figure 5 shows the infinitesimal area of the tendon layer 
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Fig. 5. Derivation of equivalent distributed loads 

 
and the distributed loads can be derived so that they make an equilibrium state with paxi according to the 
membrane theory of shell (Calladine, 1983) in Eq. (15). Here, 0R′  is a radius of the tendon layer as well as that 
of the dome referring to Fig. 2. Note that the Fig. 5 illustrates the loads that are applied to the surrounding 
concrete, while the tendon layer itself is subjected to the loads with the same magnitudes and opposite directions 
comparing to the Fig. 5.   
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3.2.2 PWR type 

Derivation of the anchorage force that is adopted in the axisymmetric model of PWR type follows essentially 
the same procedure as that for CANDU type. However, as shown in Fig. 3, we can enjoy a more convenience 
during the derivation since the anchorage forces of a hemisphere dome have only vertical components. Here, the 
imaginary anchorage forces are tentatively employed only for the purpose of computation since no anchorage 
exists in this type where the vertical tendons of a wall are extended to the dome tendons. Equivalent distributed 
load in the general part can also be obtained in Eq. (15) substituting R for 0R′ . 

  
3.3 Initial stress method 

The prestressing effect can also be simulated by applying the initial stress to the tendon layer in both the 
meridional and the hoop directions. Analysis results of the initial stress method are essentially the same as those 
of the equivalent load method described in the previous section. From a convenience point of view in the 
analysis, however, the initial stress method is more recommendable since the effects of all kinds of equivalent 
loads can be completely simulated and thus can be replaced by the initial stress.  

To utilize the initial stress method, however, the analysis program should possess a special function that can 
apply initial stress to the tendon layer or the tendon elements. On the other hand, the equivalent load method can 
be implemented to any program without special consideration, since it deals with the prestressing effect as the 
tendon-induced external loads. The initial stress, psσ , can be readily derived by dividing paxi by a thickness t of 
the tendon layer (see Fig. 5). The stress should be applied to the tendon layer in tension for each direction. 
 
4. NUMERICAL EXAMPLES 
 
4.1 General remarks 

In the following examples, the dome part that is a main concern of this study is taken as a modeling scope. 
The FE-based general-purpose structural analysis program, ABAQUS (2002), is adopted as an analysis tool and 
the derived theories are implemented into the input files. FE meshes of the domes are presented in Figs. 6 and 7 
for each containment type. These also compare the axisymmetric model with the 3D model. In the 3D model, the 
dome tendons are considered as in their original form, so that it can be regarded as a benchmark to verify the 
proposed or conventional axisymmetric models. Table 1 shows the finite elements used for modeling of concrete 
and tendon. Axisym. model 1 is the proposed scheme that considers the tendons as an equivalent tendon layer. 
Axisym. model 2 is a representative of the conventional models, where the truss-type tendons are arranged only 
in meridional direction. To focus on the verification of tendon modeling, rebars are not considered in all the 
examples.  
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For a fair comparison, it is reasonable to minimize the other influencing factors that can possibly introduce 
differences of the results between 3D and axisymmetric analyses, except for matter of the tendon modeling. The 
finer the 3D mesh is in the hoop direction, the closer the results of the 3D analysis are to those of the 
axisymmetric analysis. So, the 3D mesh is adequately divided into 144 elements along hoop direction. Also, the 
axisymmetric concrete mesh coincides with a section of the 3D concrete mesh. As for the boundary conditions, 
the spring of the dome is only vertically restrained with the horizontal displacement allowed. Analysis results of 
the 3D model are represented as average values along a circumference when the resulting values show a 
fluctuation along the circumference.  

There are various ways of generating the prestressing tendons or rebars in FE analyses including discrete 
modeling, embedded modeling and smeared modeling (El-Mezaini and Çitipitioglu, 1991). In order to generate 
the tendons in an effective yet a convenient manner, some functions which are specific for this program are made 
full use of. First, the tendon nodes and elements are generated like using a discrete modeling regardless of the 
position of the concrete nodes. Then, d.o.f.’s of so generated tendon elements are expressed in terms of d.o.f.’s 
of the surrounding concrete elements according to the built-in algorithm available, which implies the embedding 
procedure. In other words, the discrete model is finally converted into the embedded model that has a high 
computational efficiency. Table 2 shows the main dimensions and material properties of the concrete and the 
prestressing tendons in each containment type. The results are compared at three points, i.e. displacements at 
crown and spring, respectively, and stress at mid-height (between the crown and the spring).     
 
4.2 Example 1: Modeling of tendon stiffness 

According to the proposed procedure of axisym. model 1, the thickness of the tendon layer is calculated as 
0.01277 m for CANDU type, and 0.00977 m for PWR type. In axisym. model 2, the area of each meridional 
truss element is obtained by accumulating the area of the corresponding tendon layer. Therefore, the area 
increases along from the crown to the spring in the dome. Internal pressure of 0.03 MPa is considered, while the 
prestressing is not applied to verify the tendon stiffness excluding the prestressing effect. The results of each 
analysis are compared in Tables 3 and 4.  

Since an actual tendon holds the stiffness along the tendon axis and most tendons are arranged not coinciding 
with meridional or hoop direction, the stiffness contribution is divided into the meridional and the hoop 
directions (refer to Appendix). While on the other, the layer model (axisym. model 1) has the stiffness 
contribution for both the meridional and the hoop directions. It can possibly overestimate the stiffness in each 
direction because the formulas are not derived on a basis of separation of the stiffness. On the contrary, the 
meridional truss model (axisym. model 2) only has the meridional stiffness, which may underestimate the overall 
stiffness as a natural consequence.  

Table 3 well represents aforementioned aspects. That is, the ratio of axisym. model 1 to 3D model is less than 
1.0 due to the slightly overestimated stiffness, while the axisym. model 2 produces the opposite results. 
Referring to Table 4, the trend of PWR type is not as apparent as that of the CANDU type. It can be attributed to 
a relatively uneven distribution of the tendons near the spring (see Fig. 1(b)). The uneven distribution is 
averaged under an overall sense of axisym. model 1, which results in a little underestimation of the stiffness near 
the crown and overestimation near the spring.  

From the overall point of view, the axisymmetric analysis results show good agreement with the 3D analysis. 
But, it is hard to say in a word which one is better between two axisymmetric models as far as the stiffness 
matter is concerned. However, it can be mentioned, at least, that the axisym. model 1 is more consistent when 
considering both the stiffness and the prestressing effect in that the axisym. model 2 has a fatal deficiency in 
applying the initial stress method as will be shown in the example 2. 

 
4.3 Example 2: Modeling of prestressing effect (I) 

In example 2, the actual prestress that is applied to the tendons of 3D model is 1253.56 MPa for CANDU type 
and 1121.36 MPa for PWR type. According to the proposed procedure, the initial stress that should be 
introduced to the axisymmetric model is 669.08 MPa for the CANDU type and 787.66 MPa for the PWR type. 
These correspond to only 53.4% and 70.2% of the actual prestress of the CANDU and PWR types, respectively. 
Therefore, it is questionable that the magnitude of the original prestress should be maintained in the 
axisymmetric model even after rearrangement of the tendons (Moon et al., 1999).  

In order to focus on the evaluation of a prestressing effect, two strategies are devised. First, any external or 
internal loads other than the prestressing are not included in the analysis. Second, the effect of tendon stiffness is 
removed by making a modulus of elasticity of the tendon close to zero. In the example 2, the prestressing effect 
is introduced to each model by the initial stress. The main point is a contribution of the prestressing in each 
direction for the proposed axisym. model 1.    

The results of Tables 5 and 6 imply some of the noticeable aspects. To develop a realistic prestressing effect 
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(a) 3D model                             (b) Axisymmetric model 

 
Fig. 6. FE modeling of dome (CANDU type) 

 

           
(a) 3D model                             (b) Axisymmetric model 

 
Fig. 7. FE modeling of dome (PWR type) 

 
 
Table 1. Finite elements used in the dome modeling  

  3D model Axisym. model 1 Axisym. model 2 

Concrete elements 3D solid 
(8-nodes) 

Axisym. solid 
(4-nodes) 

Axisym. solid 
(4-nodes) 

Tendon elements Truss 
(2-nodes) 

Axisym. membrane 
(2-nodes) 

Truss 
(2-nodes) 

Remarks Prototype Proposed model Conventional model 
(Chung et al., 1996) 

 
Table 2. Relevant data of the dome  

  CANDU type PWR type 
Thickness (m) 0.61 1.07 

Inner radius of curvature (m) 41.45 21.95 
Modulus of elasticity (MPa) 2.66×104 2.94×104 Concrete 

Poisson's ratio 0.18 0.17 
Prestressing force (kN) 4578 5664 

Area (m2) 0.003652 0.005051 

Arrangement 3-way 
(# of 1-way tendons: 47)

2-way 
(# of 1-way tendons: 48) 

Modulus of elasticity (MPa) 2.0×105 1.96×105 

Pre- 
stressing 
tendon 

Poisson's ratio 0.3 0.3 
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Table 3. Analysis results for tendon stiffness (Example 1: CANDU)  
Axisym. model 1 Axisym. model 2 

 3D model
(1) Value 

(2) 
Ratio 
(2)/(1) 

Value 
(3) 

Ratio 
(3)/(1) 

Vertical displacement at crown (m) 0.00839 0.00786 0.94 0.00834 0.99 
Horizontal displacement at spring (m) -0.00204 -0.00195 0.96 -0.00212 1.04 

Hoop stress at mid-height (MPa) 1.495 1.357 0.91 1.549 1.04 
   
Table 4. Analysis results for tendon stiffness (Example 1: PWR)  

Axisym. model 1 Axisym. model 2 
 3D model

(1) Value 
(2) 

Ratio 
(2)/(1) 

Value 
(3) 

Ratio 
(3)/(1) 

Vertical displacement at crown (m) 0.000177 0.000181 1.02 0.000160 0.90 
Horizontal displacement at spring (m) 0.000192 0.000177 0.92 0.000192 1.00 

Hoop stress at mid-height (MPa) 0.301 0.285 0.95 0.306 1.02 
 
Table 5. Analysis results for prestressing effect (Example 2: CANDU) 

Axisym. model 1 Axisym. model 2 
Hoop PS + 

Meridional PS   3D model 
(1) Hoop 

PS only 
Meridional 

PS only Value 
(2) 

Ratio 
(2)/(1) 

Value 
(3) 

Ratio
(3)/(1)

Vertical displacement 
at crown (m) -0.01102 0.04042 -0.04807 -0.00765 0.69 -0.04807 4.36 

Horizontal displacement 
at spring (m) -0.00514 -0.00770 0.00143 -0.00627 1.22 0.00143 - 

Hoop stress 
at mid-height (MPa) -12.85 -14.38 0.070 -14.31 1.11 0.070 - 

 
Table 6. Analysis results for prestressing effect (Example 2: PWR) 

Axisym. model 1 Axisym. model 2 
Hoop PS + 

Meridional PS   3D model 
(1) Hoop 

PS only 
Meridional 

PS only Value 
(2) 

Ratio 
(2)/(1) 

Value 
(3) 

Ratio
(3)/(1)

Vertical displacement 
 at crown (m) -0.01129 0.01184 -0.01650 -0.00465 0.41 -0.01650 1.46 

Horizontal displacement 
at spring (m) 0.00106 -0.00549 0.000956 -0.00453 - 0.000956 0.90 

Hoop stress 
at mid-height (MPa) -3.791 -7.460 0.070 -7.390 1.95 0.070 - 

 
in an axisymmetric model, both the hoop and the meridional prestressing play an important role. That is, the 
results of 3D model can only be simulated by combining the hoop and the meridional prestressing together in the 
axisymmetric model. However, the meridional truss model (axisym. model 2) cannot reflect the hoop 
prestressing effect as a natural consequence, thus the actual structural behavior can hardly be traced. It can also 
be observed that the hoop prestressing occupies a major portion of a total prestressing effect. 

The results of axisym. model 1 match relatively well with those of 3D model in the CANDU type of Table 5. 
But slight discrepancy between the results are observed and can be attributed to the slight over-prestressing in 
the hoop direction that may be regarded as specific in this model. In PWR type of Table 6, on the other hand, 
even the results of axisym. model 1 as well as those of axisym. model 2 show a relatively wide variation from 
the actual 3D values. This is mainly due to the uneven distribution of the tendons in the vicinity of the spring and 
the corresponding uneven prestressing effect in the actual situation. Referring to the tendon arrangement of Fig. 
1(b), hoop prestressing near the spring is less introduced compared to other parts.        
 
4.4 Example 3: Modeling of prestressing effect (II) 
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Table 7. Analysis results for prestressing effect (Example 3: CANDU)  
Axisym. model 1 

  Initial stress method 
(1) 

Equivalent load method 
(2) 

Ratio 
(2)/(1) 

Vertical displacement 
at crown (m) -0.00765 -0.00774 1.01 

Horizontal displacement 
at spring (m) -0.00627 -0.00626 1.00 

Hoop stress 
At mid-height (MPa) -14.31 -14.31 1.00 

 
Table 8. Analysis results for prestressing effect (Example 3: PWR)  

Axisym. model 1 

  Initial stress method 
(1) 

Equivalent load method 
(2) 

Ratio 
(2)/(1) 

Vertical displacement 
at crown (m) -0.00465 -0.00472 1.02 

Horizontal displacement 
at spring (m) -0.00453 -0.00453 1.00 

Hoop stress 
At mid-height (MPa) -7.390 -7.383 1.00 

 
In example 3, the prestressing effect is introduced by two different strategies for a comparison: initial stress 

method; and equivalent load method. The results of the initial stress method were already presented in the 
example 2. Following the proposed procedure, the equivalent concentrated load at the anchorage is calculated as 
1.06902×106 kN (for 2π radian) and the equivalent distributed load on the general part is 0.40927 MPa for 
CANDU type. Applying the same procedure into PWR type, the equivalent concentrated load is 1.08749×106 kN 
and the equivalent distributed load 0.68468 MPa. 

The equivalent load method has a wide range of variations in the application (Oh and Jeon, 2002). Strictly 
speaking, the tendon-induced equivalent loads should be applied along exact position of the tendon as derived in 
this study since the loads are exerted at the contact faces between the tendon and the surrounding material. 
Tendon stiffness is also removed to fairly evaluate the prestressing effect. As can be detected in the Tables 7 and 
8, the equivalency of the initial stress method and the equivalent load method, as noticed by Roca and Mari 
(1993), can be justified on the basis of exact equivalent loading system.  

Finally, summing up the above discussions, equivalent load method is also applicable to the conventional 
axisym. model 2 although the initial stress method could not be implemented into the conventional model (see 
Table 5). This represents one of the advantages of the equivalent load approach. That is, the method is applicable 
regardless of modeling schemes of the tendons since the prestress effect is taken into account by the external 
loads. 
 
5. CONCLUSIONS 

Axisymmetric modeling of a nuclear containment building provides a great convenience and efficiency in a 
design and an analysis and, therefore, has been often employed in practice. In this case, special attention should 
be paid to approximating some of the actually non-axisymmetric components in a context of the axisymmetric 
model. Among those, dome tendons need more strict mathematical expressions during the axisymmetric 
conversion since they are non-axisymmetrically arranged upon a curved surface. This study proposes an 
advanced and consistent axisymmetric modeling method of the dome tendons for two representative types of the 
containments, i.e. CANDU and PWR types.   

To evaluate the average stiffness of the dome tendons in a global sense, mathematical expressions 
corresponding to the lengths of the dome tendon segments were established, by which the total volume of the 
tendons could be accurately calculated. Then, the tendons were converted into a layer of equivalent membrane 
with a proper thickness which is readily applicable to the axisymmetric model.  

In order to obtain a plausible prestressing effect in the axisymmetric model, the contribution of the 
prestressing force in meridional direction in each of the tendon was separated from the actual prestressing effect 
and was accumulated to obtain a resultant force utilized in the axisymmetric model. To introduce the 
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prestressing effect of the tendons into the concrete dome, both the initial stress method and the equivalent load 
method were devised and compared. The corresponding initial stresses or the equivalent loads were derived in 
terms of the axisymmetric model. 

Numerical examples were presented by implementing the proposed schemes into the FE analyses to verify the 
procedure and to estimate the amount of approximation by comparing with the accurate 3D analysis results. For 
a comparison, another conventional scheme of the axisymmetric tendon modeling was also employed, where the 
dome tendons are converted into the truss elements arranged in meridional direction. As a result, it was found 
that the stiffness contribution of the dome tendons in hoop as well as meridional directions should be properly 
considered. When adopting the proposed method, the initial stress method and the equivalent load method 
yielded the identical results and showed good agreement with the 3D analysis. On the other hand, it was 
recognized that the conventional truss modeling, when combined with the initial stress method, could not reflect 
real prestressing effect in the axisymmetric modeling since the prestressing in hoop direction is not effectively 
implemented. This indicates that proper prestressing in the hoop direction of the axisymmetric model plays an 
important role to trace the actual structural behavior. 

Overall, the proposed axisymmetric schemes assess the stiffness and the prestressing effect of the dome 
tendons to a sufficient accuracy both for the CANDU and PWR types. For further study, it is expected that the 
proposed procedure can be extended, with a little modification, to the tendons in a bottom slab of CANDU type. 
In addition, the stiffness derivation can be similarly employed to deal with non-axisymmetric arrangement of the 
dome rebars. 
 
 
APPENDIX: SEPARATION OF THE DOME TENDON STIFFNESS 

Consider a quarter portion of a hemisphere dome including one tendon marked by a bold line in Fig. 8(a). A 
separation procedure of the tendon stiffness in meridional and hoop directions is illustrated for an arbitrary point 
(M) on the tendon. The equations are derived for a tendon area (A), since the tendon stiffness is proportional to 
the area. The meridional contribution ( mA ) and the hoop contribution ( Aθ ) can be obtained by substituting the 
angles (γ  and ψ ) corresponding to the point M in the Eqs. (22) and (23). Right subscript 1 or 3 indicates 1 or 
3-direction, respectively, and rad indicates radial direction in plane. The derivations have a generality that can 
also be applied to a flat dome by adjusting a range of ψ . 

 
sin cosMH R OH Rψ ψ= =                          (16) 

 
sin cosOB OH BH OHγ γ= =                         (17) 

 
22r R OB= −                                   (18) 

 
cos / sin /BH r MH rφ φ= =                          (19) 

 
1 3sin cosA A A Aφ φ= =                            (20) 

 
1 cosradA A γ=                                    (21) 

 
1 sinA Aθ γ=                                     (22) 

 
3sin cosm radA A Aψ ψ= +                              (23) 
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(a) Overall view                        (b) Section view 1 
 

           
 

(c) Plane view                         (d) Section view 2 
 

Fig. 8. Separation of dome tendon stiffness 
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